Spatial and temporal variability of Z. capricornl biomass, shoot characteristics (canopy height, surface area, flowering), distribution and detrital content were examined from December 1988 to December 1990. Between August 1987 and August 1991, 15% (2.0 ha) of the meadow was lost. Biomass of above-and below-ground structures showed a unimodal seasonal pattern with maxima in late spring (mean 194.92 g dry weight m-2 and 426.67 g DW m-2 respectively) and minima in winter (mean 28.72 g DW m-2 and 56.98 g DW m-2 respectively). Mean above-ground biomass (95.53 2 2.21 g DW m-2) was approximately half the mean below-ground biomass (177.28 2 4.49 g DW m-'). Leaf canopy heights were greatest between October and February (maximum 53.4 cm) and lowest around mid year (minimum 4.4 cm). Leaf surface area per square metre of seagrass meadow ranged from 10.28 to 1.39 m2 (mean 3,692 2 0,104 m2), and flowering occurred during September and October. Detrital biomass ranged from 339.73g DW m-2 to 11.83 g DW m-2 (mean 77.39 i 2.36 g DW m-' 1. Detrital biomass was higher during July-October and lower during February-May. The climate during the study was typical for the area, and all trials displayed similar seasonal patterns, although the amplitudes differed among some trials. The environmental parameters that may influence seagrass and detrital biomass were investigated. The best models explained only 14% of the variation in above-ground biomass, 15% of the variation in below-ground biomass, and 21% of the variation in detrital biomass. These models suggest that fluctuations in seagrass and detrital biomass in Cairns Harbour were influenced by changes in light availability, temperature, salinity and exposure.
Introduction
Seagrass meadows exist in most shallow, sheltered, soft-bottomed marine coastlines and estuaries throughout the world and rank among the most productive systems in the ocean (Thayer et al. 1975 (Thayer et al. , 1984 McRoy and McMillan 1977; Knox 1986; Ott 1990) .
Although tropical Australia has the greatest diversity of seagrass communities in the IndoWest Pacific region (Poiner et al. 1989) , studies on tropical intertidal seagrasses are few apart from those conducted in Townsville (Birch and Birch, 1984; Lanyon 1991) and Papua New Guinea (Brouns and Heijs 1986) . Most research on tropical coastal seagrasses has been concerned with mapping distributions in relation to tropical fisheries (Bridges et al. 1982; Coles et al. , 1987a Coles et al. , 1987b Coles et al. , 1989 Coles et al. , 1993 Poiner et al. 1987) .
Once seagrasses have become established, their abundance and shoot characteristics may display seasonal patterns, a result of irradiance (Sand Jensen and Borum 1983) , temperature (Livingston 1984) , salinity (Walker 1985) and available nutrients (Short 1987) . Because light and temperature are the major factors controlling photosynthesis, seagrasses in the tropics have the greatest productivity owing to greater sunlight and extended growing season (McRoy and McMillan 1977; Knox 1986) . However, tropical seagrasses also show seasonal variation, and factors that influence this seasonality have been little studied.
Temporal biomass variability of tropical and subtropical seagrass communities was thought not to be explained by a seasonal model (Duarte 1989) . However, Lanyon (1991) reported that seagrass seasonality i n a tropical nearshore meadow was influenced by day length, tidal exposure and air temperature. Similarly, Mellors et al. (1993) investigated intra-annual variation i n a tropical reef-top seagrass habitat and found that the physical factors that correlated significantly with monthly seagrass standing crop were day length (positive correlation), maximum air temperature (positive correlation) and number of strong-wind days (negative correlation).
Zostera capricorni is a significant primary producer in the tropical coastal waters of Cairns Harbour . Seasonal influence on its growth is therefore of ecological importance. T h e relationship between seagrasses and environmental parameters (water chemistry, climate and sediments) were examined during this study to quantify seasonal changes in the seagrass community.
Materials and Methods

Study Site
A seagrass meadow adjacent to Ellie Point (16°53'S,145046'E), approximately 3.5 km from Cairns, northern Queensland ( Fig. la) , was chosen for the study. It is an intertidal seagrass meadow between 0.5 and 0.9 m above port datum, with a range of muddy and sandy sediments.
It is exposed to winds from the north, east and south and protected by a mountain range to the west. Mangroves line most of the adjacent shoreline, with only the south-eastern tip of Ellie Pt edged with sand. A sandbank, 150 m from the edge of the meadow, protects the site from easterly wave action, although northerly areas of the meadow receive swell from the north. Tides are semi-diurnal, with a mean sea level of 1.488 m and a mean low spring tide at 0.58 m (Anon. 1991).
Seagrass Sampling
Sampling was conducted during the ueap tides on a day immediately following a new moon (1.0 to 1.6 m tide height). Four permanently marked trials (10 X 10 m) were chosen at random within the meadow at the beginning of the study (Fig. la) . Within each trial five replicates (chosen at random each month) were harvested monthly for 16 months (beginning December 1988), then every three months for the remainder of the study (ending December 1990). All seagrass was harvested from within a 0.25-m2 quadrat, and detritus was removed to a depth of 5 cm with a suction sampler (into a 3-mm floating mesh sieve). Each sample was washed to remove all debris and sorted into component species according to Kuo and McComb (1989) . Seagrass was divided into above-ground biomass (leaveslsheaths) and below-ground biomass (roots/rhizomes). All material retained by the 3-mm mesh (excluding algae, mangrove leaves, Rhizophora propagules) was collected. All seagrass and detrital samples were oven-dried (90°C, 24-48 h) and weighed. Samples were not treated with acid because there was little epiphyte contamination.
Shoot Characteristics
Shoot characteristics were examined by removing a subsample of 50 shoots from one replicate (chosen at random) per site each month. The surface area per shoot was measured with a Paton electronic planimeter and doubled to give the total leaf area (both sides). Shoots were oven-dried (90°C, 2 4 4 8 h) before being weighed. Accordingly, surface area per gram of dried seagrass was determined and the surface area per metre of meadow calculated from the above-ground biomass.
Leaf canopy height was measured from the shoot node to the tip of the longest leaf of 20 haphazardly chosen shoots from one replicate (chosen at random) per trial each month. Floral shoots (cf. Larkum et al. 1984) were treated separately.
Environmental Factors
Mean water temperature was measured in situ weekly and on each sampling day with an anchored maximum-minimum mercury thermometer with O.l°C gradations. Salinity, turbidity and pH samples were collected each sampling day from the middle of the water column.
Total monthly daytime exposure was determined for each trial by recording the time (minutes) that the tidal height was less than or equal to the elevation threshold of each trial, between the hours of sunrise and sunset.
Average maximum air temperature (OC), total rainfall (mm), number of strong-wind days (winds above 44 km h-' as measured at 0900 and 1500 hours each day), number of cloudy days (days with more than 518 cloud cover as measured at 0900 and 1500 hours each day), and mean daily sunshine were supplied from the Cairns Airport meteorological station (2.5km north-west of Ellie Pt) by the Bureau of Meteorology. Measurements over the duration of the study (December 1988 to December 1990 were compared with the 50-year averages to determine if unusual weather conditions prevailed.
Replicate sediment cores (8 cm diameter X 8 cm depth) were taken at random from each trial at Ellie Pt in December 1989 and December 1990. Samples were dried (90°C until dry), weighed, and washed through a succession of sieves (pore diameters 2000, 1000, 500, 250, 125 and 63 ym) on an Endecott test sieve shaker. Sediment grain was differentiated according to Shepard (1973) . The relative proportion that each sediment type contributed (by weight) to the sample was calculated. Because the 2000-ym and 1000-ym sieves retained only seagrass detritus and shell, they were not included in the analysis.
Statistical Analyses
Each trial was analysed separately because these were not true replicates (each was at a different elevation). Differences between trials were determined by comparing means and 95% confidence intervals.
Standard parametric analysis of variance (ANOVA) was used to analyse data for temporal differences (Zar 1984; Sokal and Rohlf 1987) . Prior to ANOVA procedures, residuals were plotted against fitted values and Bartlett's and Cochran's C-tests for homogeneity of variances were used to check that the assumptions of the ANOVA were satisfied. Data that did not comply with the assumptions were appropriately transformed. The test of least significant difference was used to distinguish between means where ANOVA indicated significant differences among means.
Multiple regression was used to investigate the relationship between seagrass abundance and environmental factors. Sediment, pH, number of strong-wind days, and number of gale days were not included in regressions because temporal patterns or data were insufficient. Environmental variables (except exposure) were lagged by one month to compensate for the fact that they have no immediate effect on seagrass survival and growth. Exposure was not lagged because, when seagrass is exposed during periods of rain, wind or high temperature, leaf death would be expected to occur within a short time.
Correlations between all independent environmental variables were first examined to reduce the number of variables by grouping those that were highly correlated. On the basis of these groupings, the 'best' combination of variables was determined in regressions of all subsets. All combinations of variables (one from each group) were considered. The best model was selected on the basis of adjusted ? and Mallow's C . Analysis of variance of multiple regression of the best model was used to determine the significance of P the model and which variables had the greatest 'influence'.
Results
Environmental Factors
Water temperature, salinity and turbidity ranged in value significantly over the study period, but alkalinity remained relatively constant ( Table 1) .
The climate during the study period was typical for the area. Maximum air temperature, number of cloudy days, total rainfall, day length, mean daily sunshine and number of strongwind days were not significantly different from the 50-year means (Table 1) . Maximum temperatures occurred from December to March, with minimum temperatures occurring from June to August. The number of cloudy days per month was greatest during the early months of the year.
Ellie Pt is within the monsoon belt and experiences seasonal rainfall. The start and duration of the monsoon (wet) season are highly variable between years and are generally unpredictable. Lowest rainfall was recorded between June and October, and the highest falls were between December and April. The only month in which strong winds (22-33 kn) and gales (34 kn or more) were present was December 1990, owing to the presence of tropical cyclone Joy off the northern Queensland coast.
Ellie Pt trials were wholly exposed during low spring tides. Total exposure duration was significantly different between trials (ANOVA: F = 3.17, d.f. = 3,68; P = 0.03), with trial 3 being exposed longer than any other trial and trial 2 exposed the least (Table 2) . Total time that seagrass at each trial was exposed during daylight was seasonal, with longest durations in the middle of the year (May to September) and shortest over the sum] i. months, when the lowest spring tides occur only at night. Total daytime exposure per month at the study trials was relatively constant between years. The proportion of coarse sand remained similar between trials and years ( Fig. 2) . The proportion of medium sand differed between trials but remained similar between years. Proportions of fine sand and very fine sand were similar at each trial but differed significantly between years. The proportion of mud was significantly different between trials and years. The overall change in sediment between years was a decrease in the finer sediment types (mud and very fine sand) and an increase in fine sand, i.e. the meadow became sandier. 
Changes in Meadow Area
From aerial photographs, the approximate area of the Ellie Pt meadow above 0.5 m low-water datum was estimated to cover 12.95 ha in August 1987 and 10.95 ha in August 1991 (verified by inspection on the ground and from low-level helicopter flights). This decline is evidenced by the disappearance of seagrass from the south-western section of the meadow (Fig. 1) .
Seagrass Species Composition
The meadow is dominated by Zostera capricorni Aschers. (98.77%) throughout the year at all trials, although three other species were present to a lesser degree: Cymodocea serrulata (R. Br.) Aschers. et Magn. (1.06%), Halodule uninewis (Forsk.) Aschers. in Bossier (0.16%) and Halophila ovalis (R. Br.) Hook. f. (0.01%).
Cymodocea serrulata was in isolated patches that varied greatly in size and location. Halodule uninewis (wide-leafed variety) and Halodule ovalis were scattered throughout the meadow.
Patterns of seagrass abundance and shoot characteristics described are for all species pooled, but results are a reflection of the dominance of Zostera capricorni.
Seagrass Biomass
The average total biomass (above ground plus below ground for all trials pooled) varied Biomasses were significantly different between trials and months for total and above-ground and below-ground biomasses (Table 3, Fig. 3 ).
Shoot Characteristics
The average ratio of above-ground to below-ground biomass was 35.91 2 0.52% (all trials pooled) and over the study period ranged from 5.09% (Trial 1 in February 1990) to 67.63% (Trial 4 in February 1989) . Above-to below-ground biomass ratios (leaf proportion) were significantly different between trials and months at each trial (Table 3) .
Leaf canopy height ranged from 4.4 cm in September 1989 (Trial 2) to 53.4 cm in November 1989 (Trial 4) and was significantly different between trials. Trial 3 had the greatest average canopy height and Trial 2 the lowest, with canopy height being significantly different between months for all trials (Table 3) . Canopy heights were greatest between October and February and generally lowest around the early to middle part of the year (March to July).
The greatest leaf surface area per square metre of meadow was 10.28m2 (Trial 1) and the lowest was 0.14m2 (Trial 2) in January 1989. Mean leaf surface area (all trials pooled) was 3.692 2 0.104m2, was not significantly different between trials, but was significantly different between months at each trial (Table 3 , Fig. 4) .
Flowering was observed for Zostera capricorni (all trials) only during September and October. The average percentage that floral shoots contributed to Zostera capricorni aboveground biomass (g DW m-2) ranged between 1.7% and 8.9%. Fig. 3 ). On average, Trial 4 had the highest biomasses and Trial 3 the lowest. Detrital biomass was higher in the middle to late part of the year (July to October) and lower in the early months of the year (February to May) (Fig. 3) .
Relationship with Environmental Variables
Because all trials displayed similar temporal patterns, relationships between biomass and environmental variables were examined for all trials pooled.
From correlations, the independent variables were grouped as follows: Group 1, number of cloudy days, sunshine, rainfall and, to a lesser extent, turbidity; Group 2, day length, maximum air temperature and exposure; Group 3, salinity; and Group 4, water temperature.
From multiple regression analysis, it appears that 14% of the variance in above-ground biomass may be explained by turbidity, maximum air temperature and water temperature (Table 4) . Similarly, only 15% of the variance in below-ground biomass was explained by turbidity, exposure and salinity. The best model to explain the variance in detrital biomass (21 %) included turbidity and maximum air temperature. 
Discussion
Ellie Pt seagrasses persist in a relatively stressful environment. Pollard and Greenway (1993) reported that Zostera capricorni was acclimatized to turbid waters in Cairns Harbour. Ellie Pt seagrasses exist in waters with a background of high turbidity, and because they are near tropical rivers/estuaries they are subject to extreme degrees of high turbidity and low salinity, particularly during the wet season. Also, because they are intertidal, they are exposed to desiccation during periods of the tidal cycle when their temperatures are higher than that of the surrounding subtidal harbour.
The wide variation in biomass that can occur in Zostera spp. in different geographical areas is shown in Table 5 . The above-and below-ground biomasses recorded at Ellie Pt were higher than previously reported values for Zostera capricorni in other (temperate) regions. Zostera populations in shallow waters show a distinct unimodal seasonal pattern over most of their geographic range (Hanekom and Baird 1988; Umebayashi 1989; Kerr and Strother 1990; Thom and Albright 1990; PBrez-Llortns and Niell 1993) , except that Wetzel and Penhale (1983) reported bimodal seasonality.
An interactive combination of climatic factors (total irradiance, photoperiod, temperature) is believed to be important in determining the seasonal growth cycle. Sand Jensen and Borum (1983) reported that above-ground biomass of Zostera marina was more variable than belowground biomass because of exposure to climatic factors. Below-ground biomass in the present study was more variable than above-ground biomass.
The difference in seagrass biomass between trials in this study may be a consequence of their elevations above datum and their respective exposure times, because each trial is exposed to climatic factors to a greater or lesser degree. Trial 3 was the shallowest trial and on average had the lowest biomasses. Bulthuis and Woelkerling (1983) found that long exposure times caused desiccation stress, which resulted in die-back of standing crop of Heterozostera tasmanica. Exposure of the seagrass to air temperatures greater than water temperature resulted in a decline of photosynthesis. Also, exposure during the tidal cycle is known to cause variation in seasonal leaf growth patterns between intertidal and sublittoral meadows (Kerr and Strother 1989) .
However, a seagrass meadow, when exposed, retains a thin layer of water, depending on standing crop. That is, when the standing crop of the meadow is high, the meadow retains more water (it slows the rate at which the water recedes) for longer periods than it does when the standing crop is low (Powell and Schaffner 1991) . Trapping of water by seagrass can keep water on the meadow during low tides, preventing desiccation. The greater canopy height of Trial 3 (the shallowest) at Ellie Pt may have assisted in trapping water, thereby reducing the effects of desiccation. Also, daytime exposure times are greater at the time of year when temperatures are lowest. This may contribute to maintaining low biomasses during the winter months. Because of the background of high turbidity, a trial with relatively moderate degrees of exposure would be expected to be able to photosynthesize more efficiently. Such is the case at Trial 4, which had the highest biomasses and moderate exposure.
Rainfall, when associated with the wet season, appears to be an important factor in influencing seagrass growth in tropical areas. The presence of pioneering seagrass species 
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P h z -L l o r h s and Niell (1993) (Halodule uninewis and Halophila ovalis) along the northern Queensland coastline between Cairns and Cape York is believed to be the result of environmental stress during periods of low salinity and high turbidity with seasonal summer rainfall (Coles et al. 1987~) . Pregnail (1981) also notes that intertidal seagrasses are subjected to stresses by rainfall. Kerr and Strother (1985) found from laboratory tests that decreases in salinity and increases in temperature extremes significantly decrease photosynthesis. This may certainly be the case during the tropical wet season. However, in this study, the effect of rainfall is not so much from the fresh water as from decreasing photosynthetically active radiation (PAR). Rainfall brings with it less sunshine, more cloud and more wind, which decreases PAR at a time of year when the background turbidity is increased by higher tidal cycles. The coastal runoff, in turn, exacerbates decreasing PAR. Turbidity has a direct effect on light attenuation through the water column, which in turn effects photosynthesis. Virnstein and Carbonara (1985) found that year-to-year variability of seagrass abundance was high and may have been related to variations in light intensities. Seagrasses in the Trinity Inlet (including Ellie Pt) are adapted to extremely low light availability and must be able to tolerate periods of high turbidity owing to coastal runoff in the tropical wet season. It appears that the seagrasses more susceptible to turbidity stress are those in deeper water, because of their low carbon reserves (Williams 1988; Zimmerman et al. 1991) . Therefore, seagrasses in deeper water can be expected to have a higher proportion of roots/rhizomes, as is the case at Ellie Pt, where the proportion of leaves at each trial decreases with depth.
The most likely effect of increased turbidity is observed in changes to the seagrass distribution with depth (Vincente and Rivers 1982; Iverson and Bittaker 1986) . These changes are not direct and may not be apparent for several months (Neverauskas 1988) . This may explain why coastal runoff does not appear to have an effect on seagrass biomass and shoot characteristics until late in the wet season. Wahbeh (1981) reported that wave action is one of the major physical factors controlling the distribution of seagrass. A noticeable feature of the aerial photographs in the present study was the disintegration of the sandbanks to the north-east of Ellie Pt. These sandbanks protect the meadow from the physical forces of the wind-driven waves and provide a shelter from currents that would disperse finer sediments. Less shelter may have contributed to lower biomasses in the later part of the study.
The Ellie Pt meadow became sandier during the study, with a decrease in finer sediments (mud and very fine sand) and an increase in fine sand. Although seagrasses can change sedimentary composition to provide a more suitable environment (Larkum and West 1990) , sediments can be detrimental. When sediments become coarser, there is a need for better developed nutrient absorptive systems because coarser sediments are generally lower in nutrient and organic matter (Zieman and Wetzel 1980) . Because the availability of nutrients affects growth, distribution, morphology and seasonal cycle of seagrass populations (Orth 1977; Kenworthy et al. 1982; Short 1983a, 198317; Short et al. 1985) , it appears that the increase of sand at the Ellie Pt meadow created a stressful sedimentary environment that may have contributed to the observed decreases in distribution and biomasses between years. Coles et al. (1993) estimated that, in 1988, seagrass covered approximately 500 ha of Cairns Harbour between Ellie Pt and False Cape. Estimates from the present study suggest that Ellie Pt contributes approximately 3% to the overall area of seagrass in the harbour. However, only the area down to 0.5 m above port datum was measured because of the difficulty in defining an 'edge' in turbid waters.
Also, the maximum above-ground biomass (243.14 g DW m-' ) and below-ground biomasses (65836 g DW mm2) reported in this study were triple those reported by Coles et al. (1993) , possibly because Coles et al. conducted their study in February, after the period of maximum biomass.
There appears to be only a low incidence of flowering of Zostera capricorni at Ellie Pt (September and October) in comparison with that in temperate regions, where flowering is reported from September to March (Larkum et al. 1984) . However, the duration of flowering in the present study is similar to that of Zostera marina (Phillips et al. 1983) . Wassenberg (1990) reported that 9-37% of plants had flowering shoots during the peak flowering season (undefined duration), which may be higher than is reported in the present study. The main factor influencing floral development, sex ratios and fruit and seed production in seagrasses is water temperature, with photoperiod playing a limited role (Durako and Moffier 1985) . The occurrence and incidence of flowering does not appear to be determined by a precise temperature value or range, but rather by the increase in temperature and by the time period over which the temperature rise occurs after the winter minima (Phillips et al. 1983 ), as appears to be the case at Ellie Pt.
To summarize the results of the present study, the annual cycle (season) for the meadow at Ellie Pt is illustrated in Fig. 5 . In the middle of the year (June-July), seagrass is at its minimum sustainable biomass. Seagrass biomass begins to increase with increasing temperatures and continues to increase at a relatively rapid rate, helped by increasing PAR (greater sunshine, less wind and low turbidity). These conditions suit Zostera capricorni flowering. After a few months, the seagrass reaches its maximum biomass (October-November).
At the end of the year, temperatures have continued to climb, but the effect of increasing temperatures is overridden by the tropical wet season. With the onset of the wet-season months (four months on average), low PAR (more cloud, less sunshine, increasing rainfall) and extremely high temperatures occur. Because the Ellie Pt seagrasses already exist in a relatively turbid environment, low PAR is further reduced by higher tidal cycles. At this time of year, the detrital biomass is decreasing and the seagrass biomass begins a slow decline (February-March).
In the late part of the wet season the impact of coastal runoff exacerbates seagrass decline, due to low salinities and high turbidities at a time when PAR is decreasing and tidal exposure increasing. Finally, the seagrass biomass reaches a minimal sustainable biomass in June-July, when temperatures are low and tidal exposure is high. T h e seagrass biomass remains at a minimum until biomass begins increasing once again, assisted by the increased nutrients from the degraded detritus.
